Abstract: The use of an antimony film coated on a screen-printed carbon electrode (ex-situ SbSPCE) is proposed for the determination of Pd(II) at ppb levels in natural samples by adsorptive stripping voltammetry using dimethylglyoxime as chelating agent. Ex-situ SbSPCE produces a better analytical performance as compared to a commercially sputtered bismuth screen-printed electrode (BispSPE). The detection and quantification limits were 2.7 and 9.0 µg L-1 respectively with a good linear behaviour in the wide examined concentration range (from 1 µg L-1 up to 100.0 µg L-1, R2= 0.998). The proposed ex-situ SbSPCE showed an excellent repeatability with a relative standard deviation of 0.5 % for ten successive measurements and a very good reproducibility (1.6 % for three different ex-situ SbSPCE units within series of ten repetitive assays). Moreover, the ex-situ SbSPCE was successfully applied for the determination of low concentration levels of Pd(II) in spiked tap water with a very high reproducibility (0.2 %) and providing equivalent results to those achieved by ICP-MS measurements.
INTRODUCTION
Palladium is a metal that possesses strong catalytic activity, the demand of which has been more than doubled in the past ten years. It is used in electrical equipment, dental appliances, chemical catalysts and jewellery, being the maximum increase in demand for palladium in automotive emission control catalysts. In contrast to other metals, there is little information concerning concentrations of palladium in the environment.
However, in the last decades it has been detected that the concentration of palladium is increasing in the overall environment mainly due to its greater use in automobile catalysts and jewellery industry [1] [2] [3] . Concentrations of palladium reported in soil samples collected from areas near major roads range from <0.7 to 47 μg/Kg and, concentrations reported in sewage sludge range from 18 to 260 μg/Kg, although a 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3 high initial investment (equipment) and high cost of consumables. In this sense, electroanalytical methods are stated as a very good alternative. In particular, voltammetric stripping techniques provide excellent properties for the determination of metal ions with excellent detection and quantification limits. Moreover, they are highly reproducible, relative low cost, sensitive and selective, and they present capability to multielement analysis [12] . When stripping techniques are coupled with screen-printed electrodes (SPEs), they become especially suitable for on-site analysis, since SPE devices usually incorporate the whole electrode system (working, reference and auxiliary). In addition, the use of SPEs instead of classical working electrodes avoids the continuous and tedious cleaning processes. In fact, SPEs have in recent years undergone great improvements, allowing the mass production of reproducible and lowcost miniaturized size devices [13] [14] [15] .
Traditionally Pd(II) determination based on voltammetric methods was carried out using the hanging mercury drop electrode (HMDE) as working electrode with an excellent analytical performance [16] . Nevertheless, the potential high toxicity of mercury-based electrodes, if they are not conveniently used, has led to their replacement by other electrodes more environmentally friendly but with a similar analytical performance. In this respect, some attempts were undertaken using some substitute voltammetric sensors. Bobrowski et al. reported on the applicability of a cylindrical silver-based amalgam film electrode (Hg(Ag)-FE) for the Pd(II) determination by adsorptive stripping voltammetric (AdSV) in the presence of dimethylglyoxime (DMG) [17] . Bismuth and antimony-based electrodes have been postulated over the years as an important alternative to mercury electrodes with great results for analytical purposes [18] [19] [20] [21] . Particularly, Van der Horst et al. [22, 24] and Silwana et al. [23] described good results for the determination of Pd(II) by the AdSV approach using a bismuth film 4 coated on a glassy carbon electrode [22] or on a screen-printed carbon electrode [23] and, using a bismuth-silver bimetallic nanoparticles coated on a glassy carbon electrode [24] . Nevertheless, studies devoted to the application of antimony-based electrodes for analysis of Pd(II) are really scarce. In fact, from the best of our knowledge, only a glassy carbon electrode modified with a composite of reduced graphene oxide impregnated with antimony nanoparticles was proposed for this purpose [25] ; but the application of antimony coated on screen-printed electrodes (SbSPE) for the Pd(II) determination are not yet attempted. It is worth noting that SbSPE, unlike antimony coated on glassy carbon electrodes (SbGCE), do not require any pre-polishing and in particular Sb film coated on screen-printed carbon electrodes (SbSPCE) can be used for a large set of measurements using the same electrode unit [26] .
Thus, in the present study, antimony film coated via ex-situ on a commercial screenprinted carbon electrode (ex-situ SbSPCE) was successfully applied for the determination of Pd(II) in water samples by means of the AdSV approach using DMG as chelating agent. Furthermore, the ex-situ SbSPCE analytical performance was compared with that of a commercial sputtered bismuth screen-printed electrode (Bi sp SPE). 
EXPERIMENTAL SECTION

Preparation of ex-situ SbSPCE.
Before measurements, the SPCE, the auxiliary, and the reference electrodes were connected to the stand and immersed into a 0.01 mol L -1 HCl solution containing 50 mg L -1 of Sb(III). After purging the solution for 600 s, a deposition potential of -0.5 V was applied for 300 s with constant stirring, followed by a rest period of 20 s, without stirring. Then, the ex-situ SbSPCE was rinsed with water and ready to use. This procedure was tested earlier [26] , yielding a very high reproducibility and repeatability.
Voltammetric measurements.
Linear calibration curves for the determination of Pd(II) using ex-situ SbSPCE and
Bi sp SPE by AdSV were constructed by adding small volumes of the Pd(II) concentrated standard solution into the electrochemical cell containing 20 mL of 0.1 mol L -1 acetate buffer (pH 4.5) and 2 x 10 -4 mol L -1 DMG [17] . Unless otherwise indicated, AdSV measurements were performed applying an accumulation potential (E acc ) of -0.6 V 
Sample preparation.
Water samples collected from the local water distribution network were spiked with 180 
RESULTS AND DISCUSSION
Condition media and optimization of electrochemical parameters.
First it is worth noting that all experiments in this work were performed using 0.1 mol L -1 acetate buffer (pH 4.5) and 2 x 10 -4 mol L -1 DMG [17] , because even though the best sensitivity in some previous studies for Pd(II) determination [22, 23] was observed in this study using the adsorptive approach in ammonium buffer.
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Looking for the highest analytical response the effect of the accumulation potential (E acc ), initial potential (E i ) and accumulation time (t acc ) on Pd(II) determination were firstly evaluated using ex-situ SbSPCE by AdSV.
Then, the effect of E acc over the peak area of Pd(II)-DMG complex reduction signal was tested in the range from -0.2 to -0.9 V with a t acc of 120 s in a solution containing 50 µg L -1 Pd(II) at acetate buffer pH 4.5 and 2 x 10 -4 mol L -1 DMG ( Figure 1a) . As E acc was shifted from -0.2 V to more negative potentials, peak area increased significantly up to -0.6 V. For more negative E acc a diminution of peak area was progressively observed.
Therefore, an E acc of -0.6 V was chosen for further experiments.
The value of E i is another critical point in the determination of Pd(II) by AdSV. Thus, the influence of the E i over the peak area of Pd(II)-DMG complex was also evaluated in the range from -0.3 to -0.5 V (Results not shown). Maximal peak area was obtained at E i of -0.45 V and this E i value was chosen as optimal.
The effect of the t acc over the peak area of Pd(II)-DMG complex was studied in the range of 30-300 s applying an E acc of -0.6 V in the aforementioned solution (Figure 1b ).
Peak area linearly increases with t acc until 180 s, where the area stabilizes. Therefore, a t acc of 180 s was chosen as ideal looking for a compromise between the time of the analysis and the peak area.
The selected E acc , E i and t acc to ensure the determination of Pd(II) at Bi sp SPE were also firstly optimized in a solution containing 50 µg L -1 Pd(II) at acetate buffer pH 4.5 and 2
x 10 -4 mol L -1 DMG (Results not shown); the compromise conditions were an E acc of -0.6 V applied during a t acc of 180 s and an E i of -0.5 V. It must be pointed out that using Bi sp SPE more positive potentials cannot be applied to prevent the oxidation of the bismuth [27] . As it is shown in Table 1 , although sensitivities are similar, a lower LOQ was achieved using ex-situ SbSPCE, resulting consequently in a wider linear range. Therefore, the described calibration data, together with the much better signal resolution, shape and symmetry and, the notably repeatability and reproducibility, suggest that ex-situ SbSPCE could be a better sensor than Bi sp SPE for Pd(II) determination.
Regarding previous results, the LOD obtained for the determination of Pd(II) with an ex-situ SbSPCE are slightly higher in comparison to those achieved by AdSV using DMG as chelating agent with a cylindrical silver-based amalgam film electrode (Hg(Ag)-FE), 0.15 µg L -1 [17] . Nevertheless, it should be pointed out that in contrast: i) the Hg(Ag)-FE repeatability is significantly worse (3.0 %); ii) Hg(Ag)-FE presents a shorter linear range (1-50 µg L -1 ); and iii) unlike Hg(Ag)-FE, SPCEs which are the basis of ex-situ SbSPCE, do not require any polishing prior Sb deposition, whit the plus of the environmental friendly character related to antimony electrodes [21] . Regarding the determination of Pd(II) using other bismuth film electrodes (BiFE), somewhat lower LODs were achieved using a glassy carbon bismuth film electrode (0.12 µg L -1 ) [22] , a SPCE coated with a bismuth film (0.008 µg L -1 ) [23] , or a glassy carbon electrode coated with bismuth-silver bimetallic nanoparticles (0.19 ng L -1 ) [24] . However, it should be mentioned that in the present work the obtained linear range is much wider and less restricted to lower concentrations (until 100.0 µg L -1 ) than values obtained in [22] (until 2.5 µg L -1 ), in [23] (until 0.1 µg L -1 ) and especially in [24] (until 1 ng L -1 ).
Moreover, the reproducibility reported using Bi film modified SPCE (BiSPCE), the unique reported electrode based on SPEs for Pd(II) determination, is really poor (8.95   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 11 %) [23] compared to that obtained in this study with ex-situ SbSPCE (1.6 %).
Regarding the determination of Pd(II) with other antimony-based electrode contributions, a glassy carbon electrode modified with a composite of reduced graphene oxide impregnated with antimony nanoparticles (GCE/rGO-SbNPs) [25] provides a detection limit of 0.45 pg L -1 , which are considerable lower that the LOD obtained in this study. However, the examined concentration range using GCE/rGO-SbNPs is severely restricted to extremely low concentrations (40-400 pg L -1 ) and the repeatability is again significantly worse (4.2 %). Finally, it is worth noting that no studies are reported in the literatures about the use of Sb film based-electrodes for Pd(II) determination.
In the last decades a marked increase of palladium in the environment due to the increased use of catalytic converters in automobiles has been shown in air and dust samples, i.e. the concentration of palladium in a roadside dust sample of South East
England was 70 ng g -1 (mean) or a tunnel dust sample of Munich (Germany) was 100 ng g -1 (mean) [1, 2]. Thus, the reported analytical performance suggest that the use of an ex-situ SbSPCE at the aforementioned conditions can be fully appropriate for the determination of Pd(II) at ppb levels in natural samples. In addition, the modification of a SPCE support via a film deposition is easier, less time consuming and cheaper than the preparation of a GCE modified with a nanocomposite [21] . Moreover, the ex-situ plating or preplated method in comparison with the in-situ deposition modality is also a good option if the metal speciation in the sample can be disturbed by the presence of Sb(III)-ions, with the plus that the screen-printed electrode configuration allows an easy connection to portable instrumentation making possible on-site analysis. 12 The study of the effect of interferences is important because some metal ions can interfere with the determination of Pd(II) by complexing competitively with DMG or producing reduction peaks that overlap with or even totally suppress the Pd(II) peak. In this paper, the potential interference of Co(II), Fe(III) and Ni(II) as commonly occurring interfering ions was studied using ex-situ SbSPCE under the optimum conditions Compared with previous reported results using a BiSPCE, as an example of other based-SPE, the presence of Ni(II) and Fe(III) as interfering ions delivered similar effect in the Pd(II) determination [23] . In contrast, in the proposed method for Pd(II)-DMG determination using an ex-situ SbSPCE Co(II) does not interfere.
Interference study
Tap water analysis
At the view of the preceding results, the ex-situ SbSPCE was considered for the determination of Pd(II) in natural waters and its applicability was tested on a spiked tap water. The determination of Pd(II) -ions was carried out by means of the standard addition method. AdSV measurements using the aforementioned conditions were performed, including four metal additions. Figure 3 shows representative adsorptive voltammograms acquired in the analysis of the spiked tap water using ex-situ SbSPCE .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13
Well-shaped peaks for the Pd(II) -ions were obtained and, as it is shown in inset of Figure 3 , good correlation of the representative AdSV measurements was also observed for Pd(II).
Three AdSV replicates of the tap water were analysed using ex-situ SbSPCE. The obtained results are summarised in Table 2 
CONCLUSIONS
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